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Stimulator of interferon genes (STING, also known as
MITA, ERIS, or MPYS) is essential for host immune
responses triggered by microbial DNAs. However,
the regulatory mechanisms underlying STING-medi-
ated signaling are not fully understood. We report
here that, upon cytoplasmic DNA stimulation,
the endoplasmic reticulum (ER) protein AMFR was
recruited to and interacted with STING in an insu-
lin-induced gene 1 (INSIG1)-dependent manner.
AMFR and INSIG1, an E3 ubiquitin ligase complex,
then catalyzed the K27-linked polyubiquitination of
STING. This modification served as an anchoring
platform for recruiting TANK-binding kinase 1
(TBK1) and facilitating its translocation to the perinu-
clear microsomes. Depletion of AMFR or INSIG1
impaired STING-mediated antiviral gene induction.
Consistently, myeloid-cell-specific Insig1/ mice
were more susceptible to herpes simplex virus 1
(HSV-1) infection than wild-type mice. This study un-
covers an essential role of the ER proteins AMFR and
INSIG1 in innate immunity, revealing an important
missing link in the STING signaling pathway.
INTRODUCTION
Innate immunity is the first line of host defense against microbial
invasion, critical for eliciting immediate antiviral responses and
adaptive immunity to ultimately eradicate the infection (Cavlar
et al., 2012; PalmandMedzhitov, 2009; Schenten andMedzhitov,
2011;Wu andChen, 2014). Host detection of invading pathogens
is realized via sensing pathogen-associated molecular patterns
(PAMPs), by an array of host germline-encoded pattern-recogni-
tion receptors (Akira et al., 2006). As PAMPs, microbial nucleic
acids trigger the activation of the interferon regulatory factor-3
(IRF3) and/or NF-kB signaling pathways, thus inducing expres-
sion of type I interferons (IFNs) and proinflammatory cytokines
(Gu¨rtler and Bowie, 2013; Yoneyama and Fujita, 2010).
RIG-I and MDA5 are sensors for RNA virus infection, and the
relevant signaling pathways have been well delineated in recentIyears (Loo and Gale, 2011; Nakhaei et al., 2009a; Weber and
Weber, 2014). In contrast, how host cells sense and/or recognize
exogenous DNAs represents a fast evolving field for understand-
ing the corresponding innate immune signaling pathways (Hor-
nung and Latz, 2010; Paludan and Bowie, 2013; Shu et al.,
2014; Wu and Chen, 2014; Xiao and Fitzgerald, 2013). Toll-like
receptor 9 (TLR9) functions to monitor, in immune cells, the
CpG-DNA from topologically extracellular bacteria (Hemmi
et al., 2000; Paludan and Bowie, 2013). Recent breakthroughs
have uncovered several potential DNA-binding proteins to sense
the presence of microbial DNAs in the cytoplasm and conse-
quently to induce the type I interferon production. These DNA
sensors include cyclic GMP-AMP synthase (cGAS, a.k.a.
MB21D1), Mre11, IFI16 (p204), DDX41, and DNA-PKcs (Fergu-
son et al., 2012; Keating et al., 2011; Kondo et al., 2013; Li
et al., 2013; Sun et al., 2013; Unterholzner et al., 2010; Zhang
et al., 2011).
An emerging theme of the action of these DNA sensors is
that signaling pathways initiating from them are apparently
converged on stimulator of interferon genes (STING, a.k.a.
MITA, ERIS, or MPYS), a transmembrane protein in the endo-
plasmic reticulum (ER) (Ishikawa and Barber, 2008; Jin et al.,
2008; Li et al., 2009; Sun et al., 2009; Zhong et al., 2008).
STING-deficient cells display profound defects in producing
IFN-b and other proinflammatory cytokines stimulated by herpes
simplex virus 1 (HSV-1) or Listeria monocytogenes (Ishikawa
et al., 2009). In addition, Tmem173/mice aremore susceptible
to lethal infection after exposure to HSV-1 (Ishikawa et al., 2009).
It is recently observed that cytosolic exogenous DNA triggers
STING to rapidly dimerize and translocate from ER, through
the Golgi apparatus, and to the perinuclear microsome compart-
ment (Ishikawa et al., 2009; Sun et al., 2009). The TANK-binding
kinase 1 (TBK1) congregates simultaneously to the same
compartment in a STING-dependent manner (Ishikawa et al.,
2009). Notably, the DNA-driven assembly of STING-TBK1 com-
plex is required for TBK1 activation, which subsequently acti-
vates the transcriptional factor IRF3. It remains to be elucidated
what drives the simultaneous translocation of STING and TBK1
and how this membrane traffic is dynamically modulated.
Ubiquitination is a versatile mechanism to regulate various as-
pects of innate immunity (Jiang andChen, 2012; Liu et al., 2013b).
Ubiquitin contains seven lysines, and it can form polyubiquitin
chains of different branching linkages, which perform different
biological functions. For example, RIG-I and MDA5-mediatedmmunity 41, 919–933, December 18, 2014 ª2014 Elsevier Inc. 919
Figure 1. Identification of AMFR in STING Protein Complex
(A) MEF cells were infected with HSV-1 for 0 or 4 hr, and then the cell lysates were subjected to immunoprecipitation with anti-STING antibody or normal
immunoglobulin G (IgG). The immunoprecipitates were resolved in SDS-PAGE followed by silver staining. The specific bands highlighted by asterisks were
excised for mass spectroscopy identification.
(B and C) HEK293T cells were transfected with the indicated plasmids. Twenty-four hr after transfection, cell lysates were immunoprecipitated with an anti-Flag
antibody (B) or an anti-HA antibody (C) and then immunoblotted with the indicated antibodies.
(D) After mock or HSV-1 stimulation, lysates from RAW264.7 cells were immunoprecipitated with an anti-STING antibody or normal IgG, and then immunoblotted
with the indicated antibodies.
(legend continued on next page)
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(Belgnaoui et al., 2012; Jiang et al., 2012; Maelfait and Beyaert,
2012; Nakhaei et al., 2009b; Zeng et al., 2010; Zeng et al.,
2009; Zhong et al., 2010). Notably, the ubiquitin ligase
RNF5 (RMA1) catalyzes K48-linked polyubiquitination of STING,
promoting the proteasome-mediated degradation of STING
(Zhong et al., 2009). Other studies (Tsuchida et al., 2010; Zhang
et al., 2012) suggest that STING could bemodified by K63-linked
polyubiquitin chains, which we failed to repeat (see Results for
reasons).
It is well established that ER protein quality control is
carried out partly by the ER-associated protein degradation
(ERAD) (Meusser et al., 2005). Autocrine motility factor receptor
(AMFR, a.k.a. GP78) resides on the ERmembrane and catalyzes
polyubiquitination of a subset of ERAD target proteins (Fang
et al., 2001). Notably, insulin-induced gene 1 (INSIG1) specif-
ically targets AMFR to catalyze K48-linked polyubiquitination
of HMG coenzyme A (CoA) reductase (HMGCR), promoting the
sterol-dependent degradation of HMGCR (Song et al., 2005).
In this study, we identified AMFR and INSIG1 as dynamic
and essential component of STING protein complex. INSIG1 re-
cruited AMFR to catalyze K27-linked polyubiquitination of STING
upon microbial DNA challenge. The ubiquitin chains create an
anchoring platform for recruiting and activating TBK1. This study
uncovers a critical role of the ER proteins AMFR and INSIG1 in
innate immunity and reveals an important missing link in STING
signaling.
RESULTS
Identification of AMFR as a New Component in STING
Protein Complex
Cytosolic DNA triggers the production of type I IFNs and other
cytokines in a STING-dependent manner. However, it remains
largely unknown how STING relays the activation signal to the
downstreammolecules TBK1 and IRF3. To identify new factor(s)
mediating this activation, we treated mouse embryonic fibro-
blast (MEF) cells with or without HSV-1. Analysis of the STING
protein complex revealed several bands (55–72 kDa, 72–
95 kDa, 95–130 kDa, and above 170 kDa) that were preferentially
enriched with STING upon HSV-1 challenge (Figure 1A). The
identities of the bands were respectively determined by tandem
mass spectrometry. Our attention was attracted to one of the
proteins identified from the band (80 kDa), autocrine motility
factor receptor (AMFR, a.k.a. GP78 or RNF45), because AMFR
is an ER transmembrane protein and acts as an ubiquitin E3
ligase in ERAD. We also confirmed the presence of AMFR in(E) HeLa cells were transfected with the indicated plasmids, and then infected wit
anti-Flag antibody, and then immunoblotted with the indicated antibodies.
(F) Schematic diagram of hSTING and its truncation mutants (upper panel). HA-ta
The cell lysates were immunoprecipitated with an anti-HA antibody and then imm
(G) Schematic diagram of AMFR and its truncation mutants (upper panel). Myc-
along with HA-tagged hSTING. The cell lysates were immunoprecipitated with an
panel).
(H) Bone-marrow-derived macrophages (BMDMs) were infected with HSV-1 for
indicated antibodies. b-actin was served as loading control.
(I) HeLa cells were stained with indicated antibodies and imaged by confocal mi
See also Figures S1 and S5.
Ithe same precipitates via the AMFR-antibody immunoblotting
(data not shown).
To substantiate the association between STING and AMFR,
we transfected hemagglutinin (HA)-tagged STING and Flag-
tagged AMFR individually or together into HEK293T cells, fol-
lowed by coimmunoprecipitation (coIP) assays. As expected,
HA-tagged STING associated with Flag-tagged AMFR (Figures
1B and 1C). It was reported that the cysteines in the RING
domain of AMFR are critical for its catalytic activity, so we there-
fore generated several AMFR mutants, including AMFR C337/
352S (Cys to Ser mutation at both 337 and 352 residues),
AMFR C337/374S (Cys to Ser mutation at both 337 and 374
residues), and AMFR DRING (RING domain was deleted), all of
which were deprived of the potential E3 ubiquitin ligase activity
(see below). As shown in Figures 1B and 1C, STING associated
with these AMFR mutants, as well as with wild-type (WT) AMFR,
indicating that the RING domain of AMFR is dispensable for its
association with STING. We further confirmed the endogenous
association between STING and AMFR (Figure 1D). In contrast,
STING could not associate with Hrd1, another ER membrane-
anchored E3 ubiquitin ligase (Figure 1D). Notably, both the
exogenous and the endogenous association between STING
and AMFR were substantially enhanced upon HSV-1 infection
(Figures 1D and 1E).
We then generated a series of HA-tagged STING truncation
mutants (Figure 1F, upper panel) and mapped the transmem-
brane region of STING (19–135 aa) to mediate its association
with AMFR (Figure 1F, lower panel, and Figure S1A). Likewise,
the transmembrane region of AMFR (83–302 aa) was mapped
to mediate this association (Figure 1G). In addition, HSV-1 could
markedly induce the expression of AMFR, but not those of Hrd1
and Trc8 that are also ER membrane-anchored E3 ubiquitin li-
gases (Figure 1H). Confocal microscope imaging demonstrated
that AMFR colocalized with STING endogenously (Figure 1I and
Figure S5A). Taken together, these data suggest that AMFR is a
component in the STING protein complex.
Silencing of Amfr Attenuates Exogenous DNA-Induced
IRF3 Activation
To explore the potential function of AMFR in innate immunity, we
screened out the specific and effective siRNAs (Amfr siRNA 1043
and Amfr siRNA 1814 for mouse, AMFR siRNA 695 and AMFR
1132 for human), all of which could markedly diminish the
expression of exogenous and endogenous AMFR (Figures S1B
and S2A). It was observed that silencing of Amfr drastically
attenuated the expression of the IRF3-responsive genes (Ifnb,
Ifna4, and Cxcl10) in RAW264.7 cells, stimulated by the DNAh or without HSV-1. Cell lysates were subjected to immunoprecipitation with an
gged hSTING or its mutants were individually transfected into HEK293T cells.
unoblotted with the indicated antibodies (lower panel).
tagged AMFR or its mutants were individually transfected into HEK293T cells
anti-Myc antibody and then immunoblotted with the indicated antibodies (lower
the indicated time periods, and then the cell lysates were immunoblotted with
croscopy. Scale bars represent 10 mm.
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(Listeria monocytogenes or HSV-1) infection (Figures S1D and
S1E). In addition, exogenous expression of cGAS could robustly
induce antiviral gene expression, and this activation was mark-
edly crippled whenAMFRwas silenced (Figure S2B). In contrast,
silencing of AMFR displayed no effect on poly(dA:dT)-triggered
RNA polymerase III-RIG-I signaling in HEK293T cells (Fig-
ure S2C). Besides, SeV (Sendai virus)-induced activation of the
IFN-b-luciferase reporter was barely affected when silencing
AMFR, indicating that AMFR did not regulate the RIG-I
and MDA5-mediated signaling (Figure S2D). Collectively, these
data suggest that AMFR plays a regulatory role in the DNA-trig-
gered STING signaling pathway.
AMFR Deficiency Impairs the Intracellular
DNA-Triggered IRF3 Activation
To substantiate, we obtained the Amfr deficient mouse embry-
onic fibroblasts (Amfr/ MEFs) (Figure S3A). Exogenous-
DNA-induced expression of the IRF3-responsive genes was
measured by qPCR (quantitative PCR) and ELISA (enzyme-
linked immunosorbent assay). Compared with those in the WT
MEFs, the induction of the IRF3-responsive genes (Ifnb, Ifna4,
and Cxcl10) was drastically abolished in Amfr/ MEFs in
response to ISD, poly(dA:dT), HSV-1 60-mer, or 2030-cGAMP
treatment, respectively (Figures 2A–2C and Figures S3B–S3D).
In addition, the phosphorylation and dimerization of IRF3 were
apparently decreased in Amfr/ MEFs, when stimulating cells
with either ISD or poly(dA:dT) (Figures 2D and 2E). Consistently,
ISD-triggered nuclear translocation of IRF3 was markedly abro-
gated when depleting AMFR. In contrast, Amfr/ MEFs dis-
played normal nuclear translocation of IRF3 in response to
poly(I:C) stimulation (Figure 2F). Furthermore, reconstitution of
WT AMFR, rather than the AMFRmutant that lost the E3 ubiquitin
ligase activity, was able to rescue the deficiency of the DNA-
induced IRF3-responsive genes expression in Amfr/ MEFs
(Figure 2G). AMFR could also potentiate the activation of the
IFN-b-luciferase reporter induced by STING or STING plus
TBK1, whereas it had no effect on TBK1-mediated IFN-b-lucif-
erase activation (Figure S3F). Collectively, these data indicate
that AMFRplays an essential role in the exogenous-DNA-induced
IRF3 activation, which depends on its E3 ubiquitin ligase activity.
AMFR Regulates Antimicrobial Defenses against HSV-1
and Listeria monocytogenes
One of the immediate responses to the microbial infection is
the robust induction of IFN-b and IFN-stimulated genes. qPCR
and ELISA assays demonstrated that the production of IFN-b,
IFN-a4, or CXCL10 was drastically impaired in Amfr/ MEFs,
when challenging cells with HSV-1 (Figures 3A and 3B) or Listeria
monocytogenes (Figures 3C and 3D). In contrast, the induction of
the IRF3-responsive genes was barely affected in Amfr/MEFs
when challenging cells with SeV (Figure S3E), indicating that
AMFR is indispensable for DNA-triggered antiviral signaling but
dispensable for exogenous RNA-induced immune response.
Because IFN-b protects host cells against viruses, we assessed
whether AMFR could restrict HSV-1 infection. MEF cells were
pretreated with culture supernatants from ISD-stimulated
Amfr/ MEFs or WT MEFs, respectively, followed by HSV-1
infection. Fresh cells pretreated with culture supernatants from922 Immunity 41, 919–933, December 18, 2014 ª2014 Elsevier Inc.Amfr/ MEFs were more sensitive to HSV-1 infection (Fig-
ure 3E). We next investigated whether AMFR modulated virus
replication by challenging cells with HSV-1-GFP. As shown
in Figure 3F, Amfr/ MEFs showed an increased number of
HSV-1-GFP-positive cells.
AMFR Catalyzes K27-Linked Polyubiquitination of
STING
As an E3 ubiquitin ligase in ERAD (ER-associated protein degra-
dation), AMFR catalyzes the polyubiquitination of HMG-CoA
reductase (HMGCR) and the metastasis suppressor KAI1,
and promotes their proteasome-dependent degradation (Song
et al., 2005; Tsai et al., 2007). Our in vitro ubiquitination assays
confirmed that AMFR could catalyze the formation of polyubiqui-
tin chains, whereas AMFR C2S could not (Figure 4B).
Given the importance of the E3 ubiquitin ligase activity of
AMFR in regulating the DNA-triggered STING-dependent
signaling (Figure 2G), we explored whether AMFR could catalyze
the ubiquitination of STING. In HEK293T cells, Flag-tagged
STING was cotransfected with AMFR or Hrd1, respectively.
The cell lysates were subjected to immunoprecipitation with
anti-Flag, and then the immunoprecipitates were denatured, fol-
lowed by reimmunoprecipitation again with anti-Flag; finally the
precipitates were analyzed by immunoblotting with antiubiquitin.
Notably, STING was markedly polyubiquitinated in the presence
of AMFR (Figure 4A). In contrast, another ER-resident E3 ubiqui-
tin ligase Hrd1, which exhibits considerably homologous to
AMFR, could not catalyze the ubiquitination of STING (Figure 4A).
Moreover, in vitro ubiquitination assay confirmed that AMFR
directly catalyzed the formation of polyubiquitin chains attached
to STING, whereas AMFR C2S could not (Figure 4B).
Both Trim56 and Trim32 have been proposed to catalyze the
K63-linked polyubiquitination (Tsuchida et al., 2010; Zhang
et al., 2012). We confirmed the reports by one-step immuno-
precipitation assay (Figure S4A). However, using the two-step
immunoprecipitation assay, we failed to detect any ubiquitina-
tion signal of STING in the presence of Trim56 or Trim32 (Fig-
ure 4C), suggesting that Trim56 or Trim32 did not catalyze the
polyubiquitination of STING per se but might promote the poly-
ubiquitination of other proteins in the STING complex. Consis-
tently, we observed the RNF5-mediated ubiquitination of STING
via two-step immunoprecipitation, which was reported as the
K48-linked polyubiquitin chains (Figure 4C).
A panel of ubiquitin mutants were employed to dissect the pol-
yubiquitin chain linkage on STING catalyzed by AMFR, including
those containing a point mutation at a corresponding lysine (Fig-
ure 4D, upper panel) and those with all lysines mutated to argi-
nines except for the indicated one (Figure 4D, lower panel). As
expected, AMFR catalyzed the STING polyubiquitination in the
presence of WT ubiquitin. Moreover, STING was not polyubiqui-
tinated when using ubiquitin K27R (Figure 4E), whereas STING
was polyubiquitinated as well by K6R, K11R, K29R, K33R,
K48R, and K63R. In contrast, polyubiquitination of STING was
completely abolished upon utilizing the ubiquitin K0 mutant
(ubiquitin with all lysine residues mutated to arginine). The modi-
fication reappeared when K27, rather than other lysines, was re-
introduced into the ubiquitin K0 mutant (Figure 4F). This firmly
established that AMFR catalyzed the formation of the K27-linked
polyubiquitin chains on STING.
Figure 2. AMFR Deficiency Impairs Intracellular DNA-Mediated IRF3 Activation and Type I Interferon Production
(A–C)WT or Amfr/MEFswere stimulated with ISD (A), poly(dA:dT), (B) or HSV-1 60-mer (C), respectively, for the indicated time periods. Induction of Ifnb, Ifna4,
and Cxcl10 mRNAs were measured by quantitative PCR.
(D and E) WT or Amfr/ MEFs were transfected with ISD (D) or poly(dA:dT) (E) for the indicated time periods, and cell extracts were analyzed for IRF3 phos-
phorylation and IRF3 dimerization by SDS-PAGE and native PAGE, respectively.
(F) WT or Amfr/MEFs treated with ISD or poly(I:C) for 4 hr, were stained with the antibody against IRF3, and imaged by confocal microscopy. Cells with nuclear
IRF3 staining are counted as a percentage of total cells (n = 100 cells per sample). Scale bars represent 50 mm.
(G) Amfr/ MEFs were reconstituted with WT AMFR or AMFR C2S. After ISD transfection, induction of Ifnb, Ifna4, and Cxcl10 mRNAs was measured by
quantitative PCR. AMFR C2S, AMFR C337/374S mutant.
Data from (A)–(C) and (G) are presented as means ± SD from three independent experiments. *p < 0.05; **p < 0.01. See also Figures S1, S2, S3, and S5.
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Figure 3. AMFR Modulates Innate Immune Defense against HSV-1 and Listeria monocytogenes Invasion
(A) WT or Amfr/ MEFs were infected with HSV-1 (multiplicity of infection [MOI] 1 or 10). Induction of Ifnb, Ifna4, and Cxcl10 mRNAs was measured by
quantitative PCR.
(B) WT or Amfr/ MEFs were treated as in (A), and the supernatants were collected and assayed for IFN-b production by ELISA.
(C) WT or Amfr/ MEFs were infected with Listeria monocytogenes (MOI 10 or 100). Induction of Ifnb, Ifna4, and Cxcl10 mRNAs was measured by
quantitative PCR.
(D) WT or Amfr/ MEFs were treated as in (C) before the supernatants were collected. The production of IFN-b was measured by ELISA.
(E) WT or Amfr/ MEFs were transfected with mock or ISD. Equal volumes of culture supernatants from these treatments were applied to fresh MEF cells,
followed by HSV-1 infection. The proliferation of cells was examined by crystal violet staining. Scale bars represent 200 mm.
(F) HSV-1-GFP replication in WT or Amfr/ MEFs after infection for 36 hr (upper panel) or 48 hr (lower panel) was visualized by fluorescence microscopy.
Data from (A)–(D) are presented as means ± SD from three independent experiments. **p < 0.01. See also Figures S1, S2, S3, and S5.
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a systematic lysine (K) to arginine (R) mutation scanning.
When the four lysines (K137, 150, 224, and 236) in STING
were all mutated to arginines, the ubiquitination of STING
almost completely abolished (Figure 4G). To substantiate, we924 Immunity 41, 919–933, December 18, 2014 ª2014 Elsevier Inc.generated a STING K0 mutant, in which all of its lysines
were mutated to arginines. Then, individual lysine was rein-
troduced into the K0 mutant. It was observed that the
ubiquitination of STING reappeared in K137, K150, K224, or
K236 STING mutants (Figure 4H). Collectively, these data
Immunity
K27-Linked Ubiquitin Chains Bridge STING and TBK1established that the four lysines (K137, 150, 224, and 236) of
STING are the major ubiquitination sites catalyzed by AMFR
(Figure 4I).
Endogenously, there was some background ubiquitination of
STING in resting cells. Upon HSV-1 infection or 2030-cGAMP
treatment, the endogenous STING was observed to be robustly
ubiquitinated. Importantly, the ubiquitination of STING was
almost completely abolished in Amfr/ MEF cells (Figure 4J
and Figure S4B). Taken together, these data indicate that
AMFR is an authentic E3 ubiquitin ligase for STING, which cata-
lyzes the K27-linked polyubiquitination on STING.
TBK1 Is Recruited by the K27-Linked Polyubiquitin
Chain on STING
To probe the functional role of the K27-linked polyubiquitin
chain, we tested whether AMFR could affect the interaction be-
tween STING and TBK1. CoIP analysis revealed that WT AMFR,
rather than catalytically inactive mutant AMFR C2S, enhanced
the association between STING and TBK1 (Figure 5A). Consis-
tently, endogenous STING recruited more TBK1 in WT than in
Amfr/ MEFs in response to the HSV-1 stimulation (Figure 5B).
Notably, the WT AMFR had no effect on the association of
STING K4R (STING K137, 150, 224, and 236R) or the STING
K0 mutants with TBK1 (Figure 5C). Taken together, these
data suggest that the polyubiquitin chain might play a role in
TBK1 recruitment.
This led us to hypothesize that the K27-linked polyubiquitin
chain creates a docking site for TBK1. The ubiquitin-like domain
(ULD) of TBK1, adjacent to its kinase domain, was predicted
previously as important for the activation of TBK1 (Ikeda et al.,
2007). Unlike the ULD of Parkin (Fallon et al., 2006; Sakata
et al., 2003), the ULD of TBK1 could not interact with any known
ubiquitin-binding domains (UBDs). Thus, we set out to explore
whether the ULD of TBK1 binds directly to any forms of
polyubiquitin chains. Chemically synthesized K63-linked diubi-
quitin chains (K63-Ub2) or K27-linked diubiquitin chains
(K27-Ub2) were subjected to GST-pull-down analysis with
GST-TBK1 ULD (305–383 aa). As shown in Figure 5D, GST-
TBK1 ULD could directly interact with the K27-linked diubiquitin
chains. This interaction was both selective and robust, since
GST-TBK1 ULD failed to interact with the K63-linked diubiquitin
chains (Figure 5D).
To address the potential function of this specific interaction,
we confirmed that TBK1 congregated to perinuclear micro-
somes in WT MEFs upon HSV-1 infection (Figure 5E). By
contrast, AMFR depletion blocked the translocation of TBK1
(Figure 5E). Notably, in response to HSV-1 infection, this translo-
cation of TBK1 was obviously rescued in the Sting/ MEFs re-
constituted with WT STING, but not reconstituted with either
STING K4R or STING K0 mutants (Figure 5F). The deletion
of ULD abolished the capacity of TBK1 to induce the IFN-
b-luciferase activation (Figure S6A). Also, TBK1 DULD displayed
marked decrease in its association with STING (Figure S6B). To
corroborate, these K27-polyubiquitin-chain-deficient STING
mutants could marginally activate the IFN-b-luciferase expres-
sion (Figure 5G). Taken together, these data indicate that the
K27-linked polyubiquitin chains serve as an anchoring platform
for recruiting TBK1 and facilitating its translocation to the perinu-
clear microsomes.ILocalization of AMFR on ER Is Indispensable for Its
Antimicrobial Function
To determine the importance of ER localization for AMFR
function, we generated two mislocalization mutants of AMFR.
AMFR-Tom20 TM was constructed by replacing the N-terminal
transmembrane domain of AMFR with the mitochondria target-
ing sequence from Tom20 (translocase of outer membrane 20,
a mitochondria membrane protein) (Figure S5B), and AMFR-
CAAX was generated by replacing the same transmembrane
domain with the CAAX motif from Rac1 that is known to target
fusion proteins predominantly to the plasma membrane (Fig-
ure S5B). Confocal microscopy analysis confirmed that AMFR-
Tom20 TM and AMFR-CAAX were targeted to mitochondria
and plasma membrane, respectively (Figure S5C). As expected,
AMFR-Tom20 TM and AMFR-CAAX failed to associate with
STING (Figure S5D). Notably, neither AMFR-Tom20 TM nor
AMFR-CAAX could catalyze the polyubiquitination of STING
(Figure S5E). Furthermore, reconstitution of the AMFR mislocal-
ization mutants was unable to rescue the deficiency of the
DNA-induced IRF3-responisve genes expression in Amfr/
MEFs (Figure S5F). Taken together, these data indicate that
the ER localization of AMFR is essential for its regulatory function
in the STING-mediated signaling pathway.
INSIG1 Bridges AMFR and STING in the Intracellular
DNA-Induced Signaling
AMFR promotes the sterol-triggered degradation of the HMG-
CoA reductase via binding to the ER membrane protein INSIG1
(Song et al., 2005). Wewondered whether INSIG1 also facilitated
AMFR to associate with and ubiquitinate STING. As shown
in Figures 6A and 6B, Flag-tagged STING and Myc-tagged
INSIG1 could coimmunoprecipitate with each other. The STING
transmembrane domain (19–135 aa) mediated this interaction
(Figure 6C and Figure S7A).
Notably, the association between STING and AMFR was
markedly enhanced in the presence of INSIG1 (Figure 6D).
Silencing of Insig1markedly decreased the endogenous associ-
ation between STING and AMFR in response to HSV-1 infection
(Figure 6E). In addition, the endogenous ubiquitination of STING
induced by HSV-1 was markedly reduced in Insig1/ BMDMs
(bone-marrow-derived macrophages) (Figure 6F). Endogenous
STING recruited more TBK1 in WT than in Insig1/ cells after
exposure to HSV-1 (Figure S7B). Insig1 deletion significantly
impaired the congregation of TBK1 to the perinuclear micro-
somes upon HSV-1 infection (Figure S7C). Collectively, these
data indicate that INSIG1 acts as a bridge between STING
and AMFR and promotes AMFR-catalyzed polyubiquitination
of STING.
To explore the potential role of INSIG1 in STING-dependent
signaling, we screened effective siRNAs against INSIG1 (INSIG1
siRNA883and INSIG1 siRNA1993) (FigureS7D). It was observed
that silencing of INSIG1markedly attenuated the induction of the
IRF3-responsive genes (IFNB and CXCL10) by cGAS in HEK293
cells (Figure 6G). In addition, qPCR and ELISA assays demon-
strated that the induction of the IRF3-responsive genes (Ifnb
and Ifna4) was largely abolished in Insig1/BMDMs in response
to ISD treatment, as compared withWT BMDMs (Figures 6H and
6I). Consistently, the phosphorylation and dimerization of IRF3
were sharply decreased in Insig1/ BMDMs, stimulated bymmunity 41, 919–933, December 18, 2014 ª2014 Elsevier Inc. 925
Figure 4. AMFR Catalyzes K27-Linked Polyubiquitination of STING at Multiple Sites
(A) Flag-tagged hSTINGwere transfected into HEK293T cells alongwithMyc-tagged AMFR orMyc-tagged Hrd1. Thirty-two hr after transfection, cell lysateswere
immunoprecipitated with an anti-Flag antibody. The immunoprecipitates were denatured and reimmunoprecipitated with an anti-Flag antibody, and then
analyzed by immunoblotting with the indicated antibodies.
(B) The ubiquitination reaction mixture contains E1, E2, Ub, STING (221–378 aa), and AMFR (309–643 aa) or AMFR (309–643 aa) C2S as indicated. After
incubation for 30 min, the mixture was detected by immunoblotting with STING-specific or Ub-specific antibodies.
(C) HEK293T cells were transfected with the indicated plasmids. Thirty-two hr after transfection, cell lysates were subjected to a two-step immunoprecipitation
and then immunoblotted with the indicated antibodies.
(legend continued on next page)
Immunity
K27-Linked Ubiquitin Chains Bridge STING and TBK1
926 Immunity 41, 919–933, December 18, 2014 ª2014 Elsevier Inc.
Immunity
K27-Linked Ubiquitin Chains Bridge STING and TBK1ISD (Figures 6J and 6K). INSIG1 could also potentiate activation
of the IFN-b-luciferase reporter induced by STING or STING plus
TBK1, whereas it had no effect on TBK1-mediated IFN-b-lucif-
erase activation (Figure S7E). Taken together, these data indicate
that INSIG1 potentiates the intracellular DNA-triggered signaling
by bridging AMFR and STING.
INSIG1 Is Indispensable for the Innate Defense against
HSV-1 Infection
To investigate the in vivo function of INSIG1 in innate immunity,
we specifically ablated Insig1 in myeloid cells by crossing
Insig1fl/fl mice with mice expressing the lysozyme promoter-
driven Cre recombinase gene (Lyz2-cre) (see Experimental Pro-
cedures). The myeloid-cell-specific INSIG1-deficient mice are
hereafter referred to as Insig1fl/flLyz2-cre. As controls, Insig1fl/fl
mice that do not express Cre recombinase (Insig1fl/flLyz2-cre/)
were used and referred to as WT. Insig1fl/flLyz2-cre mice were
born at the expected Mendelian ratios and showed normal
fertility. The INSIG1 protein was highly expressed in myeloid
cells of WT mice but was lost specifically in myeloid cells of
Insig1fl/flLyz2-cre mice (Figure S7F).
As expected, Insig1 ablation drastically impaired the produc-
tion of IFN-b and IFN-a4 in primary BMDMs, upon exposure to
HSV-1 (Figures 7A and 7B). Because IFN-b could protect cells
from viral infection, we examined the role of INSIG1 in virus re-
striction. MEF cells were respectively pretreated with culture su-
pernatants from the ISD-stimulated INSIG1-deficient BMDMs or
WT BMDMs, followed by HSV1 infection. Fresh cells pretreated
with culture supernatants from WT BMDMs were more resistant
to HSV-1 infection (Figure 7C).
Next, we evaluated the in vivo role of INSIG1 in host immune
defense against HSV-1 infection. Insig1fl/flLyz2-cre mice or WT
mice were infected intravenously with HSV-1, and their survival
rates were monitored. It was observed that all Insig1fl/flLyz2-cre
mice died within 5 days, whereas 40% of the infected control
mice remained alive until 7 days after HSV-1 infection (Figure 7D).
Notably, Insig1fl/flLyz2-cre mice displayed a more severe
defect in the production of IFN-b in sera upon HSV-1 invasion,
as compared with the infected control mice (Figure 7E).
HSV-1 virions were present significantly more in the brains of
Insig1fl/flLyz2-cre mice than those in control mice (Figure 7F).
Taken together, the data indicate that INSIG1 is indispensable
for protecting mice against HSV-1 infection.
DISCUSSION
An emerging paradigm for detecting the intracellular DNA
mimics and/or microbes centers on the ER-resident protein
STING, which is the converging point of several recently identi-(D) Schematic presentation of Ub and its mutants. K0 denotes Ub with all lysine
(E and F) HEK293T cells were transfected with Flag-tagged hSTING and Myc-t
two-step immunoprecipitation, and then immunoblotted with the indicated antib
(G and H) HA-tagged hSTING or its mutants were individually transfected into H
two-step immunoprecipitation, and then immunoblotted with the indicated antib
(I) Schematic diagram of hSTING’s ubiquitination pattern. K137, 150, 224, a
polyubiquitination.
(J) WT or Amfr/ MEFs were infected with or without HSV-1 for the indicated tim
with an anti-STING antibody or normal IgG, and then analyzed by immunoblottin
See also Figure S4.
Ified DNA sensors (cGAS, Mre11, IFI16, DDX41, and DNA-
PKcs) (Barber, 2011a, b, 2014; Cai et al., 2014; Nakhaei et al.,
2010; Ran et al., 2014; van Montfoort et al., 2014). Cytosolic
exogenous DNA triggers STING to migrate from ER, through
the Golgi apparatus, and to the perinuclear microsomes (Ishi-
kawa et al., 2009; Paludan and Bowie, 2013). Simultaneously,
TBK1 congregates to the same compartment in a STING-depen-
dentmanner (Ishikawa et al., 2009). This rapidmigration is critical
for the activation of TBK1 and IRF3. However, the regulatory
mechanism of the DNA-driven assembly of STING-TBK1 protein
complex is poorly understood.
To fill the missing link of STING signaling, we started the cur-
rent research by fishing out an essential ER component of the
STING protein complex via proteomics approach. Several lines
of evidence substantiate the key role of AMFR in the STING anti-
microbial signaling. First, deficiency of endogenous AMFR re-
sulted in the almost complete abolition of the STING-mediated
induction of IFNs and ISGs, which could be rescued by
exogenously expressing the WT AMFR, not by expressing the
catalytically dead AMFR mutants. Second, depletion of AMFR
was beneficial to the infections of HSV-1 and Listeria monocyto-
genes. Third, AMFR boosted STING signaling dependent on its
ubiquitin-E3-ligase catalytic activity. Fourth, AMFR associated
with STING, and this association was markedly increased upon
HSV-1 challenge. Fifth, AMFR was apparently inducible by
HSV-1, whereas the ER-resident E3 ligases Hrd1 and Trc8
were not. Sixth, mistargeting AMFR, either to the mitochondria
or to the plasma membrane, resulted in its failure to associate
with STING, thus losing the regulatory capability of AMFR in
innate immunity. Seventh, depletion of AMFRmarkedly impaired
the recruitment of TBK1 onto STING, thus crippling the activation
of TBK1 and IRF3.
The ER membrane protein INSIG1 was previously character-
ized to mediate AMFR-catalyzed K48-linked polyubiquitination
of HMG-CoA reductase, a rate-limiting enzyme for cholesterol
synthesis (Song et al., 2005). Our current study reveals that
INSIG1 bridges AMFR and STING, thus potentiating STING
signaling. First, INSIG1 specifically bound to STING. Second,
the association between AMFR and STING was respectively
enhanced or impaired in the presence or absence of INSIG1.
Third, INSIG1-depleted BMDMs had a significant defect in
response to microbial infections or ISD treatment, as compared
with the WT cells. Fourth, the myeloid cells-specific Insig1/
mice were deprived of the production of interferons and cyto-
kines, thus favoring the HSV-1 infection in vivo.
Ubiquitin is a versatile tag to modulate innate immunity.
Different linkages of polyubiquitin chains encode specific
physiological consequences of target proteins. The TLR and
RLR signaling pathways have been demonstrated as beingresidues mutated to arginine.
agged AMFR along with Ub or its mutants. Cell lysates were subjected to a
odies.
EK293T cells along with Flag-tagged AMFR. Cell lysates were subjected to a
odies. K0 denotes STING with all lysine residues mutated to arginine.
nd 226 residues of hSTING are the targeting sites of the AMFR-mediated
e periods, and the lysates were subjected to denaturing immunoprecipitation
g with the indicated antibodies.
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Figure 5. TBK1 Is Recruited by the K27-Linked Polyubiquitin Chain on STING
(A) HA-tagged hSTING and Flag-tagged TBK1 were cotransfected into HEK293T cells along with Myc-taggedWT AMFR or Myc-tagged AMFR C2S. Cell lysates
were subjected to immunoprecipitation with an anti-Flag antibody, and then immunoblotted with the indicated antibodies.
(B) Wild-type or Amfr/ MEFs were infected with or without HSV-1 for the indicated time periods, and the cell lysates were immunoprecipitated with an anti-
STING antibody or normal IgG, and then immunoblotted with the indicated antibodies.
(C) HEK293T cells were transfected with the indicated plasmids. Cell lysates were subjected to immunoprecipitation with an anti-Flag antibody, and then
immunoblotted with the indicated antibodies.
(D) K27-linked diubiquitin chains (lys 27-diUb) or K63-linked diubiquitin chains (lys 63-diUb) was respectively subjected to the GST pull-down (GST-PD) assay
with GST or GST-TBK1 ULD (305–383 aa), followed by immunoblotting with the indicated antibodies.
(legend continued on next page)
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K27-Linked Ubiquitin Chains Bridge STING and TBK1extensively modulated by both K48- and K63-linked polyubiqui-
tin chains (Liu et al., 2013b; Shi et al., 2011). The function of
polyubiquitin chains in STING signaling is currently under inves-
tigation. RNF5 can promote K48-linked polyubiquitination of
STING, thus downregulating the host antimicrobial response
(Zhong et al., 2009). Recently, it was suggested that E3 ubiquitin
ligases TRIM56 and TRIM32 could respectively facilitate K63-
linked polyubiquitination of STING (Tsuchida et al., 2010; Zhang
et al., 2012). Notably, the indicated studies focused more on
RNA-sensing rather than DNA-sensing pathways. Importantly,
we failed to detect any ubiquitination signal of STING in the pres-
ence of Trim56 or Trim32, using the stringent two-step immuno-
precipitation that was not employed by the indicated studies.
This suggests that Trim56 or Trim32 might catalyze the poly-
ubiquitination of other unknown factor(s) in the STING protein
complex, but not STING per se.
As an E3 ubiquitin ligase in ERAD, AMFR catalyzes the K48-
linked polyubiquitination of a subset of ER proteins (Fang et al.,
2001). The Hrd1 and Trc8, the other E3 ubiquitin ligases on ER,
are also important for the ER protein quality control (Claessen
et al., 2012). However, only AMFR can catalyze the attachment
of the polyubiquitin chains onto the lysine residues 137, 150,
224, and 236 of STING. Besides, the polyubiquitin chains on
STING are characterized as the K27-linked configuration, thus
representing a signal that is largely uncharacterized. Importantly,
TBK1 selectively bound to the K27-linked polyubiquitin, but not
to the K63-linked polyubiquitin. This provides a mechanism for
the DNA-driven STING-TBK1 complex assembly, which is sub-
stantiated by the observation that K27-linked polyubiquitin
chains facilitated both STING and TBK1 to migrate to micro-
somes, via the Golgi. It remains to be addressed how AMFR cat-
alyzes the different polyubiquitin chain linkages under different
contexts and why K27-linkage signals nonproteolytic biological
consequences.
We had wondered whether the binding of the K27-linked poly-
ubiquitin chain could directly stimulate the kinase activity of
TBK1, but the data from our kinase assays could not support
this speculation (Figures S6C–S6E). Instead, the K27-linked pol-
yubiquitin chain served as a platform for STING complex assem-
bly, which then induced the migration, probably via common
membrane trafficking systems. The microenvironment of Golgi
or microsomes will most likely favor the activation of TBK1 and
IRF3. This is closely analogous to the activation of SREBP, a
master transcription factor of the lipid and glucose metabolism
on ER. SREBP translocates from ER to Golgi via COP-II vesicle
machinery, and is specifically cleaved by proteases S1P and
S2P on Golgi, thus releasing the cytoplasmic domain to activate
a program of the metabolic gene expression (Bengoechea-
Alonso and Ericsson, 2007; Goldstein et al., 2006). Further inves-(E) Immunofluorescence microscopy of TBK1 (red) in WT or Amfr/ MEFs in
Percentages of cells that exhibited TBK1 congregation to the perinuclear micros
(F) Tmem173/MEFs reconstituted with empty vector, WT hSTING, hSTING K4R
stained with an anti-TBK1 antibody. The nuclei were counterstained with DAPI
microsomes (bottom). Scale bar represents 25 mm. Original magnification is 363
(G) HEK293T cells were transfected with the indicated STING mutants along with
luciferase assays were performed.
STING K4R, STING K137, 150, 224, and 236R; STING K0 denotes STING with a
Data from (E)–(G) are presented as means ± SD from three independent experim
Itigation is needed to address whether the COP-II machinery
plays a role in STING signaling.
An unresolved issue is why ER is indispensable as the platform
to mediate the antimicrobial signaling. The current insight from
AMFR and INSIG1 will probably provide a new clue as to the ne-
cessity of assembling the signaling complex on the ER.We spec-
ulate that the ancient functions of STING, AMFR, and INSIG1
were dedicated exclusively to modulate the cellular metabolism.
Some yet-to-known factor(s) transform the catalytic specificity of
AMFR and INSIG1, making them capable of synthesizing K27-
linked polyubiquitin chains. Evolution took advantage of the
unique signal thus created and modified STING with this unique
polyubiquitin chain to generate new platform for signal integra-
tion. In due time, this platform was coupled with the upstream
DNA sensor and the downstream TBK1-IRF3 signaling module.
This prompts us to speculate that STING might serve as a phys-
ical and/or functional link between innate immunity and meta-
bolism, which is worthwhile pursuing in future investigations.
EXPERIMENTAL PROCEDURES
Animals and Treatment
Homozygous Insig1fl/fl mice were mated with Lyz2-cre mice to generate
mice carrying both the cre gene and the heterozygous loxP-flanked Insig1
(Insig1fl/+Lyz2-cre). The filial generations were further crossed to Insig1fl/fl
mice to generate myeloid-cell-specific INSIG1-deficient mice (Insig1fl/flLyz2-
cre). Littermates who lacked the Cre gene (Insig1fl/flLyz2-cre/) were used
as controls. Mice were genotyped by standard PCR.
Manipulation of Viruses and Bacteria
HSV-1 and HSV-1-GFP were kindly provided by Dr. Wentao Qiao (Nankai
University) and Dr. Chunfu Zheng (Suzhou University), respectively. HSV-1
was propagated and titered by plague assays on Vero Cells. Listeria monocy-
togenes (10403 serotype) was a gift from Dr. Youcun Qian (Institute of Health
Sciences). Listeria monocytogenes was cultured in 3.7% Brain-Heart Infusion
broth (BD Biosciences).
Immunoprecipitation Analysis and Immunoblot analysis
Two-step immunoprecipitation and ubiquitination assays were performed as
described previously (Shembade et al., 2010). For the first-round immunopre-
cipitation assay, cells extracts were prepared by using Lysis buffer (50 mM
Tris-Cl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA) supplemented
with a protease inhibitor cocktail (Roche). Lysates were incubated with the
anti-Flag (M2)-agarose or EZview red anti-HA affinity gel for 2 hr. The immuno-
precipitates were washed three times with the same buffer.
For the second-round immunoprecipitation assay, the immunoprecipitates
were denatured by boiling for 5 min in the Lysis buffer containing 1% SDS.
The elutes were diluted 1:10 with Lysis buffer. The diluted elutes were reimmu-
noprecipitated with the anti-Flag (M2)-agarose or EZview red anti-HA affinity
gel. After extensive wash, the immunoprecipitates were subjected to immuno-
blot analysis.
For denaturing immunoprecipitation, cells were lysed in 1% SDS buffer
(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% SDS, 10 mM DTT) and boiled forfected with or without HSV-1; nuclei were counterstained with DAPI (blue).
omes (right). Scale bar represents 50 mm. Original magnification is 3 63.
, or hSTING K0mutants were infected with or without HSV-1, and then immune
(blue). Percentages of cells that exhibited TBK1 congregation to perinuclear
.
the IFN-b promoter reporter and pTK-Renilla reporter plasmids for 32 hr before
ll lysine residues mutated to arginine.
ents. **p < 0.01. See also Figure S6.
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Figure 6. INSIG1 Is Indispensable for the STING Signaling by Bridging AMFR and STING
(A) HEK293T cells were transfected with the indicated plasmids. Twenty-four hr after transfection, cell lysates were immunoprecipitated with an anti-Myc
antibody or normal IgG, and then immunoblotted with the indicated antibodies.
(B) HEK293T cells were transfected with the indicated plasmids. Twenty-four hr after transfection, cell lysates were immunoprecipitated with an anti-Flag
antibody or normal IgG, and then immunoblotted with the indicated antibodies.
(C) HA-tagged hSTING or its mutants were individually transfected into HEK293T cells along with Myc-tagged INSIG1. The cell lysates were immunoprecipitated
with an anti-HA antibody and then immunoblotted with the indicated antibodies.
(legend continued on next page)
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Figure 7. INSIG1 Is Required for the Host
Innate Defense against HSV-1 In Vivo
(A) WT or INSIG1-deficient BMDMs were infected
withmock or HSV-1 (MOI 10). Induction of Ifnb and
Ifna4 mRNAs was measured by quantitative PCR.
(B) WT or INSIG1-deficient BMDMs were treated
as in (A), and IFN-b production was determined by
ELISA.
(C) WT or INSIG1-deficient BMDMs were trans-
fected with mock or ISD. Equal volumes of culture
supernatants from these treatments were applied
to fresh MEF cells, followed by HSV-1 infection.
The proliferation of cells was examined by crystal
violet staining. Scale bars represent 200 mm.
(D) WT or Insig1fl/flLyz2-cremice (n = 7 each) were
injected intravenously with HSV-1 at 2 3 106 pfu
per mouse, and the survival rates were monitored
for 7 days.
(E) WT or Insig1fl/flLyz2-cre mice (n = 6 each) were
injected intravenously with HSV-1 at 2 3 107 pfu
per mouse. Sera were collected at indicated
time points and the concentration of IFN-b
was measured by ELISA. Data are presented as
means ± SEM. **p < 0.01.
(F) Brains of the HSV-1-infected mice (n = 6
each) were harvested for immunohistochemistry
(IHC) analysis by an anti-HSV-1 antibody. Tissue
sections were visualized by microscopy (left).
Percentages of cells infected by HSV-1 were
quantified (right). Scale bars represent 50 mm.
Data from (A), (B), and (F) are presented as
means ± SD from three independent experiments.
*p < 0.05; **p < 0.01.
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K27-Linked Ubiquitin Chains Bridge STING and TBK130 min. The lysates were centrifuged and diluted 1:10 with Lysis buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100). The diluted
lysates were immunoprecipitated with the indicated antibodies for 4 hr to
overnight at 4C before adding protein A/G agarose for 2 hr. After extensive
wash, the immunoprecipitates were subjected to immunoblot analysis.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting
were performed as previously described (Liu et al., 2013a).
GST Pull-Down Analysis
For GST pull-down analysis, purified recombinant GST-fusion proteins were
incubated with preequilibrated glutathione-Sepharose beads (GE Healthcare)
for 2 hr followed by extensive washing. The preloaded GST resins were
incubated with di-Ub (K27-linked) or di-Ub (K63-linked) (Boston Biochem),(D) HA-tagged hSTINGwas cotransfected into HEK293T cells with 0, 0.5, or 1 mg (
an anti-HA antibody and then immunoblotted with the indicated antibodies.
(E) WT MEFs treated with control (N.C.) or Insig1-specific siRNA were infected
anti-STING antibody and then immunoblotted with the indicated antibodies.
(F) WT or INSIG1-deficient BMDMs were infected with or without HSV-1 for
immunoprecipitation with an anti-STING antibody and then immunoblotted with
(G) HEK293 cells were transfected with control (N.C.) or INSIG1-specific siRNAs.
(wedges) of cGAS. Induction of IFNB and CXCL10 mRNAs was measured by qu
(H) WT BMDMs or INSIG1-deficient BMDMswas stimulated withmock or ISD for t
quantitative PCR.
(I) WT or INSIG1-deficient BMDMs were treated as in (H), and IFN-b production
(J and K) WT or INSIG1-deficient BMDMs were transfected with ISD for the indica
gel (K) followed by immunoblotting with the indicated antibodies.
Data from (G)–(I) are presented as means ± SD from three independent experim
Irespectively, for 4 hr at 4C. Precipitates were extensively washed and sub-
jected to SDS-PAGE followed by immunoblot analysis.
Histological Analysis
Tissues were fixed in 4% paraformaldehyde, embedded in paraffin, cut into
sections, and placed on adhesionmicroscope slides. Sections were subjected
to immunohistochemical (IHC) staining according to standard procedures. The
anti-HSV-1 antibody (Abcam) was used for staining.
Statistics
Student’s t test was used for the statistical analysis of two independent treat-
ments. Mouse survival curves and statistics were analyzed with the Mantel-
Cox test. For all tests, a p valueof <0.05wasconsideredstatistically significant.wedges) of Myc-tagged INSIG1. The cell lysates were immunoprecipitated with
with or without HSV-1, and the cell lysates were immunoprecipitated with an
the indicated time periods, and the lysates were subjected to denaturing
the indicated antibodies.
Forty-eight hr after transfection, the cells were treated with 0, 500, or 1,000 ng
antitative PCR.
he indicated time periods. Induction of Ifnb and Ifna4mRNAs wasmeasured by
was determined by ELISA.
ted time periods, and cell extracts were resolved in denaturing gel (J) or native
ents. *p < 0.05; **p < 0.01. See also Figure S7.
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